The spike H protein of bacteriophage <£X174 was prepared as a hexa histidine-tagged fusion (HisH). On enzyme-linked plate assaying, HisH was found to bind specifically to the lipopolysaccharides (LPSs) of <£X174-sensitive strains, Escherichia coli C and Salmonella typhimurium Ra chemotype, having the complete oligosaccharide sequence of the R-core on the LPSs. In sharp contrast, HisH bound weakly to the LPSs of <£X174-insensitive strains, Le. E coli F583 (Rd,) lacking some terminal saccharides and E. coli Olll: B4 (smooth strain) having additional O-repeats on the R-core. The fluorescence spectra of HisH changed dose-dependently in the case of the LPS of E coli C, the intensity increasing and the emission peak shifting to the shorter wavelength side, which was attributable to the hydrophobic interaction of HisH with the LPS. The binding equilibrium was analyzed by fluorometric titration to determine the dissociation constant K A , 7.02 ± 0.37 (iM, and the Gibbs free energy change AGP, -29.1 kJ mol" 1 (at 22*C, pH 7.4). Based on the temperature dependence of K d in a van't Hoff plot, the standard enthalpy change AH" and the entropy change AS 0 were calculated to be +23.7 kJ mol" 1 and 179 J mol" 1 K~l at 22"C, respectively, and this binding was thereby concluded to be an entropy-driven reaction.
polysaccharides (LPSs), which are a major component of the outer membrane of Gram-negative bacteria, as receptors in the infection process (2) . LPS comprises of three distinct components; O-repeats, R-core oligosaccharide, and lipid A. Of these three regions, the R-core oligosaccharide is supposed to be important for the recognition, because host bacterial strains for <£X174 are limited to some rough mutants of Entewbacteriaceae having the complete sequences of the R-core oligosaccharide on their LPSs, such as Escherichia coli C, Salmonella typhimurium Ra chemotype, Shigella sonnei phase II, etc (3) (4) (5) .
Electron microscopic studies revealed that icosahedralshaped <£X174 became attached to the bacterial surface at the tip of one of twelve vertices, called spikes (6) , and ejected its DNA through the spike to infect the host cell (7) . Within the spike, which consists of five G proteins and one H protein (8) , the H protein consisting of 328 amino acids is considered to recognize LPSs from several lines of indirect evidence: (i) host range mutations of </*X174 were found in the H gene (9); (ii) an H protein-deficient phage could not infect host cells (.10); (iii) when spikes were removed from phage particles by urea treatment (8) , the spikeless capsids lost the ability of selective adsorption to host cells (11); (iv) the H protein-assisted transfection of phage DNA into spheroplast cells of <£X174-insensitive strain was drastically inhibited by LPS of the sensitive strain and by antd-H serum (12) . No study on the isolation or preparation of spike H as a single protein has been reported to date, and hence there is no direct evidence for the interaction of H with the receptor LPSs. Moreover, recent X-ray crystallogVol. 127, No. 4, 2000 raphy revealed the detailed structures of capsid proteins F, G, and J, however, the H protein remained invisible because of the diffused electron density (13) . In the preceding study, we prepared the H protein as a hexa histidinetagged fusion (HisH) and qualitatively showed its interaction with the LPSs of </>X174-sensitive strains by means of an enzyme-linked plate assay involving a streptavidin-peroxidase complex as a detection tool (14) .
In this study, the binding affinity of HisH toward a series of LPSs of $X174-sensitive and -insensitive strains was estimated by means of the enzyme-linked plate assay, and the binding equilibrium was quantitatively analyzed by fluorometric titratdon to determine the dissociation constants and thermodynamic parameters for HisH and LPSs for characterization of the driving force of the binding.
MATERIALS AND METHODS
Plasmid DNA preparation, electrophoresis of DNA fragments and other basic DNA manipulations were carried out by routine procedures (25) . DNA sequencing was performed with an ABI 373S DNA sequencer using a Dye Termination Cycle Sequencing Kit (PE Applied Biosystems, Foster City, CA, USA). N-Terminal amino acid sequencing was carried out with an ABI 476 sequencer (PE Applied Biosystems). Protein concentrations were determined by the Coomassie Brilliant Blue dye-binding method (Protein Assay Kit; Bio-Rad, Hercules, CA, USA).
Preparation of the Histidine-Tagged Spike H Protein (HisH)-The DNA fragment encoding the spike H protein was amplified by polymerase chain reaction (PCR) using Ampli Taq DNA polymerase (PE Applied Biosystems) and 4X174 RF DNA (Toyobo, Osaka) as a template. The forward primer rS'-GCGGATCCGATGACGATGACAAAATGTTTG-GTGCTATTGCTGG-31 had a SamHI restriction site and the sequence for a proteolytic cleavage site for enterokinase. The reverse primer fS'-TTAAGCTTATTTCCTAGAC-AAATTAGA-31 had a Hindm restriction site, which was located just behind the stop codon TAA. The PCR-amplified product was digested with BamHI and HindUI, and the resultant fragment was ligated into the HindHI-BamHI sites of pBluescript II KS(-) (Stratagene, La Jolla, CA, USA) to afford pBlue-H. After the DNA sequence of the inserted fragment had been confirmed, pBlue-H was digested with BaniirD. and HindUI, and the resultant fragment (996 bp) was ligated into the BamHl-Hindm sites of pQE-30 (Qiagen, Hilden, Germany) to yield the expression vector pQE-H. The expressed HisH in the cell lysate of E. coli M15 (pREP4) (Qiagen) harboring pQE-H was fractionated by affinity chromatography on Ni-NTA agarose according to the manufacturer's instructions (Qiagen). Further purification of HisH was accomplished by anion-exchange chromatography on DEAE-CELLULOFINE A-500 (Seikagaku Corp., Tokyo) to afford the purified HisH.
Lipopolysaccharides-The E. coli C strain was cultivated in 6 liters medium at pH 7.2 (17) , and the LPS was extracted from the dried and defatted cells by the PCP method (18) Various concentrations of the biotin-labeled LPSs of the E. coli C and S. typhimurium TV119 (0-10 jig/ml), and E. coli F583 and E. coli O111:B4 (0-30 jjLg/ml) strains in 100 \il TBS were added, followed by incubation overnight at 4°C. The wells were rinsed with wash buffer (200 |xl) four times, and then streptavidin-peroxidase complex (STP-POD; Zymed, South San Francisco, CA, USA) in 100 ul wash buffer was added, followed by reaction for 3 h at room temperature. The substrate solution (100 |xl), comprising o-phenylenediamine dihydrochloride (2 mg/ml) and 30% w/v HJOJ (1 (il/ml) in 50 mM sodium citrate-phosphate buffer, pH 5.0, was then dropped into the wells at room temperature after removal of excess STP-POD by washing four times with wash buffer (200 n-1). Finally, the peroxidase reaction was stopped by the addition of 3 M HC1 (50 \i\), and then the absorbance at 490 nm was measured, with reference to the absorbance at 630 nm, using an ImmunoMini NJ-2300 plate reader (Nalge Nunc International).
Fluorometric Titration of HisH with LPSs-Fluorescence spectra of HisH were measured with a Hitachi 650-560 spectrometer. The excitation wavelength \ M 280 nm, excitation slit width, 1 nm, and emission slit width, 12 nm, were fixed throughout. The fluorescence intensity change caused by the binding of HisH with LPSs was monitored as follows: the LPS solution (typically 0.69 mM) in 50 mM TrisHCl buffer containing 100 mM NaCl (pH 7.4) was added by means of a microsyringe (5-10 \il) to the solution of HisH (1.5 ml, 0.49 (JUM) in the same buffer in a quartz cell thermostatted at the desired temperature, and then the fluorescence intensity at the emission wave length, X. m , of 326 nm was recorded after the addition of the LPS solution. The observed fluorescence intensity was corrected for the dilution factor caused by the addition of the LPS solution. The slight fluorescence perturbation by the LPS solution was also corrected for.
RESULTS AND DISCUSSION
Preparation of HisH-The expressed HisH in a cell lysate of E. coli M15 (pREP4) harboring the expression vector (Fig. 1 , lane 2) was purified as a single band corresponding to the expected molecular weight, 36 kDa, on sodium polyacrylamide-gel electrophoresis (SDS-PAGE) after two step chromatography, Ni-NTA-agarose affinity chromatography (lane 3) and then DEAE-CELLULOFINE A-500 anion-exchange chromatography (lane 4). About 3.6 mg of the purified HisH was obtained from 2 liters of culture. The N-terminal amino acid sequence [MRGSHHHHHHGSD-DD] was confirmed.
An attempt to remove the tag sequence from HisH with enteroktnase resulted in over-digestion of the formed H protein. However, the N-terminal amino acid sequence of the H protein [MFGAIAGGIA] was confirmed by sequencing of the digested protein material that had been transferred to a membrane from the SDS-PAGE gel. Since the digestion reaction was not very clean, an electrophoretdcally pure HisH was used in the experiments for detecting the interactions with the LPSs of </>X174-sensitive and -insensitive strains. its receptor activity toward c/»X174 having been confirmed in the previous study (16) . The structure of the LPS of E. coli C is illustrated on Pig. 2, which has a complete E. coli Rl type core oligosaccharide, consisting of two galactopyranosides and three glucopyranosides 18) . The commercially available LPSs which were used in this study are also summarized in Fig. 2 . Since some chemical linkages could not be determined unambiguously, the most reasonable structures are presented after reviewing recent structural studies on LPSs (18) (19) (20) (21) (22) . S. typhimurium TV119 Ra chemotype was also selected as a <£X174-sensitive strain, it is having a complete Salmonella type core consisting of a pentasaccharide of hexose and a trisaccharide of heptose (18, 19) . In addition, E. coli F583 (RdL, chemotype, 20) and E. coli O111:B4 (smooth strain, 21, 22) were selected as <£X174-insensitive strains. In order to detect the LPS bound on an assay plate, the above LPSs were labeled with biotin. The free amino group of the phosphoethanolamine moiety would be the linkage point for biotin. The </>X174 receptor activity of the biotin-labeled LPSs was confirmed by means of the in vitro plaque counting assay, i.e. the labeled LPSs retained the native receptor activity after labeling (14) .
Binding Selectivity of HisH for LPSs in the Enzyme
A fixed concentration of HisH (0.5 jjig/ml) was adsorbed onto a polystyrene assay plate and then subjected to interaction with various concentrations of the biotin-labeled LPSs. The biotin moiety bound to LPS was detected as the orange color (490 nm) of oxidized o-phenylenediamine dihydrochloride using the streptavidin-peroxidase complex. As shown in Fig. 3 , a dose-dependent increase in AAbsorbance at 490 nm was clearly observed for the biotin-labeled LPSs of the <£X174-sensitive strains, E. coli C and S. typhimurium TV119, in the concentration range of 0-5 (jLg/ml. In sharp contrast, the increase in absorbance for those of the <£X174-insensitive strains, E. coli F583 and E. coli Olll: B4, was low, even when higher concentrations (0-30 tJig/ml) were applied. Hence the selective binding of HisH to the LPSs of the <£X174-sensitive strains was observed, this finding being well consistent with the host selectivity on the infection by a whole particle of </>X174. As a receptor for </>X174, LPS is required to have the complete sequence of the R-core oligosaccharide and not to have any O-repeats (3, 5) , and the terminal hexose residue of the pentasaccharide on the outer core is an especially crucial residue for the host selection (4). The fact that the LPS of E. coli F583 was recognized only weakly is quite reasonable, because its E. coli Rl-type core lacks all of the hexoses of the outer core and two of the three heptoses of the inner core (20) . The LPS of E. coli O111:B4 also bound weakly to HisH. This LPS has various O-repeats in addition to the R-core (21, 22) . If the strain lost the O-repeats, the corresponding Ra chemotype, having a complete E. coli R3-type core, would be 4>X174-sensitive. The LPS of this smooth strain was consequently incompatible with HisH because of the unnecessary O-repeats. In order to determine the affinity of HisH toward the LPSs, the concentrations needed for 50% saturation, S( (Ag/ml), were calculated by least squaring fitting to Eq. 1, where [LPS] 0 is the initial concentration (|j^/ml) of the LPS, and AAbs^n is the maximum change in absorbance that should be observed when all the HisH molecules on the plate form a complex with the LPS. A fixed concentration (0.5 (JLg/ml) of HisH was adsorbed onto an assay plate, followed by treatment with various concentrations of the biotin-labeled LPSs of E. coli C (squares), & typhimurium TV119 (Ra) (diamonds), E. coli F583 (Rd,) (circles), and E. coli O111:B4 (smooth strain) (triangles) in the 50 mM Tris-HCl buffer containing 100 mM NaCl (pH 7.4) at 4'C overnight. The bound LPSs were detected as the absorbance at 490 nm by means of streptavidine-peroxidase coupled reaction with o-phenylenediamine dihydrochloride as a substrate. Standard deviations at the 95% confidence level were calculated for three independent experimenta The S^, and AAbsv alues were obtained by least squaring fitting to Eq. 1. The values are for the LPSs of: E. coli C (S^ = 0.290 ng/ml, 4A6s mD = 2.016), & typhimurium TV119 (0.550 jig/ml, 1.966), E. coli F583 (5.29 ng/ ml, 1.549), and E. coh Olll: B4 (6.84 ng/ml, 2.029), respectively. The solid lines are theoretical curves drawn according to Eq. 1 using the calculated values.
The solid lines in Fig. 3 are theoretical curves drawn according to Eq. 1 using the calculated values. Because the absolute value of S^ tended to vary with each assay plate, the relative affinity was calculated by taking the reciprocal numbers of S^ for the LPSs of S. typhimurium. TV119 as 53%, E. coli F583 as 5.5%, and E. coli 0111:B4 as 4.2%, respectively, when the affinity of the LPS of E. coli C was taken as 100%.
Fluorometric Titration of HisH with LPSs-Fluorometric titration was performed to determine the absolute scale of the affinity of HisH to the LPSs. Contrary to the enzymelinked plate assay, no labeling of the LPS is needed, because the change in the fluorescence of the protein itself is detected as proof of the binding. Fluorescence spectra of HisH in the absence and presence of the LPS of E. coli C were obtained at 22°C (Fig. 4) . In the absence of the LPS, the spectrum had an emission peak \ msx around 354 nm. On the addition of the LPS solution, the fluorescence intensity around 300-345 nm increased and the peak shifted to the shorter wavelength side. 3 The values of the dissociation constant K A of the complex of HisH with the LPS and the mavimnm fluorescence intensity increase, AF mai , which should be observed when all the HisH molecules form a complex, were determined based on Eq. 2.
The values of K^ and AF mBX obtained by least squaring fitting were K A = 7.02 ± 0.37 uM and AF^ = 79.8 ± 1.2%, respectively. The solid line in Fig. 5 is the theoretical curve drawn according to Eq. 2 using the above values. The standard Gibbs free energy change 4G° at 22'C was calculated to be -29.1 kJ mol" 1 from RT In K A , where R is the gas constant and T is the absolute temperature. The fluorometric titratdon of HisH with the LPSs of & typhimurium TV119 (Ra) and S. typhimurium SL684 (Re) was also performed at 25'C and the obtained parameters are summarized in Table I . Less affinity for the LPS of & typhimurium TV119 (K A = 14.5 \xM) compared to that for the LPS of E. coli C (K A = 7.02 JJLM) was also observed with the enzyme-linked plate assay. Because the affinity of HisH to the LPS of S. typhimurium TV119 was calculated to be 49% based on the reciprocal numbers of K d values, the relative affinity determined with the enzyme-linked plate assay (53%) is consistent with that on fluorometric titration. Although fluorometric titration was also performed for the two <£X174-insensitive strains, E. coli F583 and E. coli O111:B4, the fluorescence changes caused by these two LPSs were so small and noisy that the dissociation constants could not be determined precisely. The K A value of S. typhimurium SL684 (Re chemotype) was determined to be 49.1 ± 4.8 JJLM. The relative affinity to HisH was similarly calculated to be 14%, showing a reasonably moderate level of affinity to an R-core oligo-saccharide of the Re chemotype consisting of one glucose and three heptoses.
In the previous study, we prepared another type of fusion Driving Force of the Binding-The fluorometric titration of HisH with the LPS of E. coli C was also performed at different temperatures, and the K A values were calculated to be 9.28 ± 0.96 (JLM (at 15°C) and 5.00 ± 0.32 (xM (at 34"C), respectively. The affinity of HisH to the LPS became greater when the temperature was increased. Figure 6 shows the temperature dependence of K A in a van't Hoff plot, where the slope of the plot shows the standard enthalpy change AH° is +23.7 kJ mol" 1 . Based on the standard Gibbs free energy change AG° of -29.1 kJ mol" 1 (above mentioned), the standard entropy change AS 0 was thus calculated to be 179 J mol-1 Kr 1 (TAS° = 52.8 kJ mol' 1 ) from AGP = AW -TAS°. This indicates that the enthalpy part of the standard energy change is unfavorable for binding, consequently a very large entropy change should compensate for the enthalpy. It was thereby shown that the binding of HisH with the LPS is an entropy-driven reaction. When we take the inevitable decrease in the translational and rotational entropy caused by the binding of two molecules to form one molecule into account, the entropy-driven-type character of the binding of LPS with HisH is more evident. Figure after ± is standard deviation. The molecular weights of the LPSs were calculated based on the chemical structures in Fig. 2 for E. coli C (4324), S. typhimurium TV119 Ra (4525), and S. typhimurium SL684 Re (3834), respectively. The molecular binding affinity B, which is the unitary part of the standard affinity -AG°, was estimated to be ca. 39 kJ mol" 1 at 22°C. The fluorescence spectrum of HisH had a peak \ max around 354 run in the absence of LPS. This indicates that some or all the three tryptophan residues in HisH (W131, W309, and W313) are exposed to the hydrophilic solvent water, because the X,^ in such a high field is similar to that of an aqueous solution of free tryptophan. In the presence of the LPS of E. coli C, a large shift of \ max to the shorter wavelength side occurred along with a large increase in the fluorescence intensity. This is attributable to the isolation of the tryptophan residues from the solvent water in a hydrophobic environment caused by the interaction with the LPS. Moreover, such an increase in the fluorescence intensity and a shift of the emission peak were also observed when the excitation wavelength was changed from 280 to 295 run in order to prevent the overlapped excitation of tyrosine residues, and thus the observed fluorescence response accordingly represented the behavior of tryptophan residues.
We are seeking the reason for the observed quite large entropy change on the interaction of HisH with the hydrophobic part of LPS. 4 The isolation of the exposed hydrophobic region of HisH from the solvent water through binding with LPS would result in relaxation of the water molecules, which are restricted to the exposed hydrophobic surface, and thus an increase in total entropy. Consequently, this large entropy increase is the main driving force of the binding. The spike H protein was reported to penetrate through the membrane of a host cell along with the phage DNA as a piloting protein (12) and to promote replication of the phage DNA (24) . The surface of the H protein would accordingly be hydrophobic in order to intermingle with the lipophilic outer membrane of the host cell. The specific recognition of receptor LPSs by the spike H protein, proved in this study, is quite reasonable as to the functioning of H as a piloting protein, which would be driven by the hydrophobic interaction with LPS as a major constituent of the outer membrane of host cells.
Ldndberg et al. (25) reported that the association constant K B for a whole particle of bacteriophage G13 with the oligosaccharide part of the LPS of E. coli C, which was prepared by weak acid hydrolysis of the LPS, was 1.3 X 10 7 M" 1 (Le. K d = 7.7 X 10" 8 M). A whole G13 particle showed stronger affinity to the oligosaccharide part of the LPS than that of the H protein of <£X174 to the LPS (K A = 7.0 X 10" 6 M), even when the LPS had lost the lipophilic lipid A part. Although G13 belongs to the same microvirus family as 4X174, its host range is wider than that of <£X174 (5). The difference in affinity would correspond to the difference between the isolated H protein itself and a whole particle with the co-operation of H with other capsid proteins. Recent X-ray crystallography of <£X174 particles revealed that the spike structure was formed by a pen tamer of the G protein, and a part of the uninterpreted H protein was thought to be inside the cavity (13) . Together with our experimental finding that the engineered G protein (HisG) also bound with the receptor LPSs, the G protein could also participate in the recognition of LPS. Thus, further characterization of the binding of the spike H as well as the G protein is in progress to understand the mechanism of host-recognition by this simple and fundamental virus.
